Context. The Earth is strongly depleted in carbon compared to the dust in the ISM, implying efficient removal of refractory carbon before parent body formation. It has been argued that grains get rid of their carbon through oxidation and photolysis in the exposed upper disk layers. Aims. We assess the efficacy of these C-removal mechanisms accounting for the vertical and radial transport of grains. Methods. We obtain the carbon and carbon free mass budget of solids by solving two 1D advection-diffusion equations, accounting for the dust grain size distribution and radial transport. The carbon removal acts on the fraction of the grains that are in the exposed layer and requires efficient vertical transport.
Introduction
The Earth is significantly depleted in carbon (Allègre et al. 2001) . Its silicon to carbon ratio is a factor of 10 −4 lower than in the Sun (Grevesse et al. 2010) or in the ISM, the base material it formed from (Bergin et al. 2015) . The picture is different for objects formed further out in the solar nebula. The silicon to carbon ratio of carbonaceous chondrites is only a factor 100 lower than in the ISM (Wasson & Kallemeyn 1988) , and many comets are not carbon depleted at all (Wooden 2008) . This seems to show a gradient of carbon depletion in the solar system, with depletion getting stronger for objects that formed closer to the Sun (e.g. Pontoppidan et al. 2014; Lee et al. 2010; Geiss 1987) .
However, more than half of the carbon in the ISM is expected to be refractory material (Zubko et al. 2004 ). Several processes have been suggested to remove this refractory carbon from the inner regions of a protoplanetary disks. Gail & Trieloff (2017) investigate the destruction of refractory carbon species within their radial transport models (see also Gail 2001) , but find that oxidation in the disk mid-plane via OH molecules (Finocchi et al. 1997) is not sufficient to deplete the inner disk region of carbon. Anderson et al. (2017) employ carbon oxidation via atomic oxygen in the hot, upper disk layer (following Lee et al. 2010 ) and the photolysis of carbon grains directly via UV photons (Alata et al. 2014 ). In the inner disk regions they reach a carbon depletion comparable to the Earth, but only if all refractory material is in small grains and without taking into account radial dust transport.
In this work, we investigate how the presence of large grains and vertical and radial dust transport influence the refractory carbon in a protoplanetary disk, and the viability of depleting the inner disk region via oxidation and photolysis in the upper disk layers.
Model

Disk model
For the star we take M = 1 M , L = 1 L and the UV field is set to L UV = 0.01L . The total disk mass is set to 0.039 M . We adopt a dust-to-gas ratio of 0.01, similar to Anderson et al. (2017) and Kamp et al. (2017) . The disk surface density follows a power-law profile with Σ ∝ r −1 and is exponentially cut-off at 200 au. The carbon mass fraction f c (r) is defined as the ratio of the solid carbon surface density and the total dust surface density, f c = Σ c /Σ tot . We assume an initial carbon-to-hydrogen abundance of 2·10 , which agrees with solar (Asplund et al. 2009 ) and ISM abundances (Jenkins 2009 ). Like Anderson et al. (2017) , we divide carbon equally between volatiles and refractory grains (see also Zubko et al. 2004) . This leads to an initial refractory carbon mass fraction of f c ≈ 0.25.
We use a 1+1 D approach to describe the dust movement and composition. The radial dust transport, together with grain growth and fragmentation, is modelled using the twopoppy code by Birnstiel et al. (2012 Birnstiel et al. ( , 2015 and using a fragmentation velocity v f = 10 m s Fig. 1 . Height of the exposed layer divided by the disk radius z 1 /r against disk radius r. Silicate grains are plotted in gray, carbon grains in black. Large grains are settled close to the midplane. In the exposed layer above z 1 , carbon grains can be oxidised, indicated in red. The range of vertical dust movement shown by blue arrows. Grains stay for t res in the exposed layer, and within t mix , material from the exposed layer is well-mixed with material from the midplane.
We refer to the surface layer of the disk where the refractory carbon gets destroyed as the exposed layer, because that layer is exposed to UV photons from the star. This is the layer where carbon reacts with free oxygen and where most of the photolysis occurs. We denote the vertical coordinate of the exposed layer as z 1 and its dust surface density as Σ * . Figure 1 shows the model setup, depicting the exposed layer above a height z 1 as a function of the disk radius r. The blue arrows indicate the dust mixing between the midplane and the exposed layer (t mix ) and the removal and replacement of dust in the exposed layer (t res ) (see Sec. 2.4). In the exposed layer, carbon can be destroyed via oxidation or photolysis, indicated in red.
Calculation of the location of the exposed layer
The exposed layer is the layer that can be reached by stellar photons. Determining the height z 1 of the exposed layer comes down to determining the height where small grains still coupled to the gas at that height do provide the required optical depth. Because of the flaring geometry of the disk, a radial optical depth τ r = 1 corresponds to a vertical depth τ z = Φ where Φ = 0.05 is the disk flaring angle. The value of z 1 depends on the total dust surface density Σ tot , the grain size distribution, the grain opacity κ, and grain settling. We assume that the grains in the exposed layer are in the Rayleigh regime and take κ = κ 0 = 2 · 10 4 cm 2 /g independent of grain radius s.
1
The surface density Σ * of the exposed layer then follows, Σ * = Φ/κ 0 . For simplicity, we assume that large grains in the optically geometrical limit, s > s geo = λ/2π ≈ 0.1 µm for λ = 0.55 µm, do , which corresponds to a grain size distribution up to 0.1 µm with f c =0.15 (Min et al. 2016) . A correct opacity treatment would take the local grainsize distribution and f c into account, as well as icy grains in the outer disk. This could change κ 0 by a factor of about five, an effect we explore in a small parameter study. Height z against grain radius s where τ r = 1 at r = 1 au. The point where the z coordinate of τ r peaks defines the height of the exposed layer z 1 and the radius s 1 up to which grains contribute to the opacity in the exposed layer (red arrows). Grains larger than s 1 are too settled to contribute. The size s geo is an upper limit for s 1 as the opacity decreases with larger grain sizes. not contribute to the optical opacity. Then,
where
is the fraction by mass of grains smaller than radius s, assuming a power-law size distribution with exponent with p = 3.5 and maximum grain radius s max determined by drift and fragmentation (see App. B). Similarly f ≥z is the fraction of the surface density above height z
In calculating this fraction we use the dust scale height h gr based on the local Stokes number St corresponding to z and the turbulent α parameter, h gr = H √ α/ (α + St(z, s)). Hence f ≤s increases with s while f ≥z (for a fixed z) decreases with s. Figure 2 illustrates these points, plotting the height z where τ r = 1 as function of grain radius s. Grains contribute to the opacity build up in the exposed layer up to a size s 1 . Ignoring their settling, all grains would contribute to the exposed layer which would therefore lie very high in the disk. In reality settling causes the largest grains to drop out of the exposed layer. We identify the point where τ r = 1 peaks as the size s 1 and the height z 1 . 
Carbon removal
Carbon removal in the exposed layer occurs via oxidation or photolysis (see App. A). The oxidation time for one carbon grain in the exposed layer is ph /t ph ) is applied to the carbon in the exposed layer unrestricted by vertical or radial transport. Middle panels: vertical dust transport is taken into account as described in Eq. 7 (Eq. A.9). Bottom panels: vertical and radial dust transport as described in App. B are included. The scale of the y-axis has been changed because of the low level of carbon depletion in these models.
where ρ c = 2 g/cm 3 is the specific density of the carbon grain material, m c the mass of a carbon atom, n ox the number density of oxygen atoms at z 1 , v ox the oxygen thermal velocity and Y ox the yield of the oxidation (Draine 1979) . The photolysis rate is
where F UV is the UV flux and m c the mass of a carbon atom. The flaring angle Φ corrects for the fact that the UV photons do not hit the disk surface perpendicular. The yield is Y ph = 8 · 10 −4 (Alata et al. 2014 (Alata et al. , 2015 . A more detailed description of these processes can be found in Lee et al. (2010) and Anderson et al. (2017) and in Appendix A.
Effects of vertical dust transport on removal rates
The efficacy of carbon removal is limited by the ability to vertical transport (cycle) the dust. There are two important timescales regarding to the vertical motions of grains. The first is the overall mixing time t mix , indicating on what timescale material from the midplane and the exposed layer become well-mixed. We obtain t mix from the turbulent diffusivity and the gas scale height H:
where the turbulent diffusivity is assumed equal to the gas viscosity ν t and is parametrised using the α prescription (ν t = αH 2 Ω; Shakura & Sunyaev 1973) with Ω the Keplerian frequency. After one mixing timescale, carbon-depleted material from the exposed layer and carbon-rich material from the midplane are well mixed.
The other relevant timescale is the residence time 3 of a grain in the exposed layer
This time is shorter than t mix because the local pressure scale height at height z H is given by H 2 /z. A long t res would limit carbon destruction, because the exposed layer will become depleted in refractory carbon. In that case no carbon will be burned, because carbon-free solids build up the opacity in the exposed layer. Hence, carbon removal becomes inefficient when t res is longer than the time to burn a single grain t ox (see Eq. (3)).
Accounting for these vertical transport effects, we obtain a carbon destruction rate of:
where the factor 2 accounts for the two sides of the disk and Σ c is the surface density of carbon grains with s < s 1 . This expression applies to C-burning; in App. A.2 a similar expression is derived for photolysis. 0.12 Table 1 . Carbon fraction f c = Σ c /Σ tot after 1 Myr at 1 au for models limited by vertical transport and models limited by vertical and radial transport. Initial carbon fraction is f c = 0.25. Only one parameter is varied with respect to the fiducial model.
Results
Our results are presented in Fig. 3 for the oxidation (left) and the photolysis (right) models.
Unrestricted models
The upper row plots present the carbon fraction f c without including any transport-limiting factors, i.e., by using only the first term in Eq. (7) ( f c Σ * /t ox ). As can be seen, oxidation depletes carbon by a factor of 10 −4 out to 1.1 au. Beyond this point carbon burning is essentially shut off, because of the exponential dependence of the oxidation yield Y ox on temperature. The photolysis rate, on the other hand, does not depend on temperature (F UV ∝ r −2 but Y ph is constant). After 1 Myr, the disk is depleted by a factor of 10 −4 out to 1.3 au and by a factor of 0.1 out to 7 au.
Vertical dust transport
Accounting for vertical transport effects -i.e., including all three regimes in Eq. (7) -we see that oxidation ( Fig. 3c ) and photolysis (Fig. 3d) become less effective. Carbon oxidation inward of 1.3 au becomes now limited by the residence time t res . Grains that make it into the exposed layer burn their carbon atoms completely, rendering the overall burning inefficient. Similarly, the photolysis rate equals f c Σ * ph /t res−ph everywhere. The photolysis rate tends to be larger than the oxidation rate, because the UV photons penetrate more deeply, resulting in a larger exposed layer (see App. A.2) . However, the photolysis run is just short of reaching depletion levels of 10 −4 at 1 au.
Vertical and radial dust transport
Accounting in addition for radial transport (bottom panels of Fig. 3 ) further reduces the efficacy of carbon destruction. Carbon-rich solids from the outer disk simply drift into the inner region to replenish any carbon depleted material. The carbon destruction becomes drift-limited: carbon will only be depleted when the local destruction time (t destr = Σ c /(dΣ c /dt)) becomes shorter than the drift timescale t drift of the (mass-dominating) pebbles. Since t drift tends to be rather short (200 yr at 1 au) depletion is minimal with little variation throughout the disk.
Parameter variation
In Table 1 we list the results from additional photolysis runs, quantifying the level of carbon depletion at 1 au after 1 Myr. A higher opacity, a lower α or a shallower grain size distribution (p = 3; fewer small grains) only reduce the carbon destruction, because Σ * becomes lower or t res increases. For the runs without radial transport, a stronger UV field enhances the depletion as the UV photons penetrate deeper. It can be argued that the low κ 0 run is more appropriate for the opacity in the exposed layer, when the grains lose most of their carbon. This will increase Σ * , and completely remove all carbon interior to 1 au -but only when there is no radial replenishment. Similarly, reducing the fragmentation velocity to 3 m/s leads to more small grains and therefore a stronger depletion at 1 au in the case of only vertical transport. When radial transport is included, the carbon fraction is only reduced by a factor of two. Since the fragmentation velocity outside of the snowline is expected to be much higher than 3 m/s, a more realistic case where the fragmentation velocity depends on the disk radius would lead to even less carbon depletion.
In general, the replenishment of carbon via radial transport renders the depletion independent of the adopted parameters.
Discussion and Conclusion
Our findings regarding unrestricted C-burning are in line with the study of Anderson et al. (2017) . They, too, find that photolysis is the more significant C-depletion mechanism and that the inner disk can become devoid in carbon. Like us, Anderson et al. (2017) account for the limited total time grains spend in the exposed layers. However, they have overestimated the removal by incorrectly assuming that each stay in the exposed layer is short enough to ensure a continuous supply of carbon in the exposed layer. Instead, we found (even in the case of high turbulence) that carbon-depleted grains stay longer in the exposed layer than it takes to remove their carbon. This makes both oxidation and photolysis inefficient. Furthermore, adding radial dust transport to the model makes it impossible to deplete the inner disk of carbon even under extreme assumptions about the UV field of the early Sun or the grain opacities.
It is unlikely that other C-destruction mechanisms can change this outcome. Adding oxidation of carbon by OH in the midplane does not increase the carbon depletion sufficiently (Gail & Trieloff 2017) . For high accretion rates, the midplane region can be heated to roughly 1500 K out to 2 au (Min et al. 2011) . However, these accretion rates must then be sustained over a significant time to allow the Earth's building blocks to form.
Therefore, we conclude that the only way to ensure the C depletion factors as observed in the Solar System is to invoke an early hot or intense inner disk environment to ensure rapid C-destruction before parent body formation. This needs to happen in combination with a sustained barrier for drift to prevent C-replenishment, for example by the formation of a giant planet. FU Orionis events can lead to inner disk temperatures of several thousand Kelvin (Hartmann & Kenyon 1996; Zhu et al. 2007 ) over several decades. The composition of Chondrules indicate that several flash heating events happened in the solar nebula (Ciesla 2005; Jones et al. 2000) , reaching temperatures of around 2000 K nearly instantly and cooling again within days. To prevent the fast replenishment of carbon, these events need to happen at a high frequency, comparable to the drift timescale. Events at a lower rate can also cause a sustained refractory carbon depletion in the inner disk region, but this requires radial grain mobility to be strongly reduced or halted.
